Atmospheric escape from close-in Neptunes and hot Jupiters around sun-like stars driven by extreme ultraviolet (EUV) irradiation plays an important role in the evolution of exo-planets and in shaping their ensemble properties. Intermediate and low mass stars are brightest at EUV wavelengths at the very end of their lives, after they have expelled their envelopes and evolved into hot white dwarfs. Yet the effect of the intense EUV irradiation of giant planets orbiting young white dwarfs has not been assessed. We show that the giant planets in the solar system will experience significant hydrodynamic escape caused by the EUV irradiation from the white dwarf left behind by the Sun. A fraction of the evaporated volatiles will be accreted by the solar white dwarf, resulting in detectable photospheric absorption lines. As a large number of the currently known extra-solar giant planets will survive the metamorphosis of their host stars into white dwarfs, observational signatures of accretion from evaporating planetary atmospheres are expected to be common. In fact, one third of the known hot single white dwarfs show photospheric absorption lines of volatile elements, which we argue are indicative of ongoing accretion from evaporating planets. The fraction of volatile contaminated hot white dwarfs strongly decreases as they cool. We show that accretion from evaporating planetary atmospheres naturally explains this temperature dependence if more than 50 per cent of hot white dwarfs still host giant planets.
INTRODUCTION
Atmospheric escape has been a key topic in exo-planet research since Mayor & Queloz (1995) speculated that the hot Jupiter 51 Peg b might be a radiatively stripped brown dwarf. Direct evidence for the escape of atmospheric hydrogen was first established by Hubble Space Telescope Lyα transit spectroscopy of the hot Jupiter HD 209458 (Vidal-Madjar et al. 2003) , later for close-in Neptunes (Ehrenreich et al. 2015; Bourrier et al. 2018) , and possibly super-Earths (Ehrenreich et al. 2012 ). Outflowing atmospheres have also been detected from large transit depths in the far-ultraviolet resonance lines of O I and C II (Vidal-Madjar et al. 2004; Ben-Jaffel & Ballester 2013) .
This atmospheric escape is driven by high-energy irradiation. Extreme ultraviolet (EUV, λ = 100 − 912Å) photons have sufficient energy to directly ionize hydrogen atoms (hν = 13.6 eV). A significant fraction of the energy of the generated photoelectrons is converted into heat as radiative cooling is inefficient. This drives the atmosphere out of hydrostatic equilibrium into a transonic flow (Parker 1964; Tian et al. 2005) . If the resulting escape flow of hydrogen is large enough, drag forces carry along heavier constituents of the atmosphere, as indicated by the observations (Yelle et al. 2008; Ben-Jaffel & Ballester 2013; Vidal-Madjar et al. 2004) .
As the mass loss rate increases with the amount of incident ionizing EUV radiation, hydrodynamic escape is expected to be important especially for planets around stars younger than 100 million years, which have EUV fluxes 100-1000 times that of the present-day Sun (Tu et al. 2015; Ayres 1997) . Planet evaporation during these early phases of large host-star EUV luminosities is thought to explain both the dearth of Neptune mass planets with orbital periods shorter than ∼ 10 days, referred to as the "warm Neptune desert", as well as the Figure 1 . The evolution of the EUV luminosity of the Sun across the Hertzsprung-Russel diagram. During the pre-main sequence phase, the EUV luminosity reaches 0.1 − 0.5 per cent of the solar luminosity, and drops significantly during the main sequence and the giant branches. However, once the star expelled its envelope during the planetary nebular phase, its hot degenerate core -the white dwarf -is exposed, which for a few Myrs emits almost all its radiation in the EUV, resulting in LEUV L .
low occurrence of planets with radii of 2R Earth at separations of 0.03-0.1 au, usually termed the "the evaporation valley" (Owen & Wu 2017) . One phase of stellar evolution where the large EUV luminosity of the host stars can drive significant atmospheric escape from giant planets has been overlooked so far: the very last stages of the evolution of planetary systems when the host star will have evolved into a hot white dwarf. The survival of planetary systems into the white dwarf stage is demonstrated by the detection of the debris from tidally disrupted planetesimals (Jura 2003; Zuckerman et al. 2003; Koester et al. 2014 ). Here we show that the EUV emission from hot white dwarfs may have far-reaching consequences for the future of the solar system as well as important implications for our understanding of metal pollution in hot white dwarfs.
THE FUTURE OF THE SOLAR SYSTEM
The Sun will slowly lose about half of its mass during the evolution through the giant branches, causing the giant planets to spiral out -while remaining gravitationally bound -to roughly twice their current orbital separations (Duncan & Lissauer 1998) . The solar white dwarf will initially have an effective temperature of 100 000 K and cool quasi-exponentially to 55 000 K within 1 Myr, and to 30 000 K within 10 Myr (Fontaine et al. 2001) . Consequently, the solar white dwarf remains a luminous EUV source for several Myr.
The EUV luminosity of the solar white dwarf
To establish the EUV luminosity of the solar white dwarf, we computed a grid of synthetic spectra extending from 10Å to 25 000Å using the model atmosphere code of Koester (2010) . The atmospheric input parameters are the effective temperature (T eff ) and surface gravity (log g) of the white dwarf. For a fixed mass, the white dwarf slightly contracts as it cools, and hence its surface gravity increases with time. We therefore interpolated the cooling tracks of Holberg & Bergeron (2006) for M wd = 0.5 M to determine T eff , log g, the white dwarf radius and its cooling age.
We computed the synthetic spectra assuming pure hydrogen atmospheres. The presence of metals in the atmosphere will modify the emerging spectral energy distribution, in particular iron which has a large number of absorption lines in the EUV. This additional opacity is blocking the outgoing flux at short wavelengths, re-distributing the energy to longer wavelengths. However, even with trace-metals in their atmospheres, hot white dwarfs remain luminous EUV sources (see Fig. 5 of Chayer et al. 1995) .
The evolution of the EUV luminosity of the Sun from the pre-main sequence into the white dwarf cooling track 1 is illustrated in Fig. 1 . We assumed L EUV = 10 31 erg s −1 for the pre-main sequence phase, which most likely represents an upper limit (Tu et al. 2015) . For the EUV luminosity on the main sequence we used Eq.(4) of Sanz-Forcada et al. (2011) and extended this relation to the giant-branch which should result in approximately correct EUV luminosities (Pizzolato et al. 2000) . For simplicity we interpolated the EUV flux from the planetary nebula phase to our first white dwarf model. The EUV flux for the white dwarf phase was determined integrating the synthetic spectra from 100Å to 912Å. For the initial few Myr, the EUV luminosity of the solar white dwarf will exceed that of the present-day Sun by 10 5 − 10 6 , and that of the young, chromospherically active Sun by 10 2 − 10 3 . The extreme EUV luminosity of the solar white dwarf will drive atmospheric mass loss from the giant planets that survived the metamorphosis of the Sun.
Photo-evaporation of the giant planets
Motivated by the detections of extended atmospheres of hot Jupiters and close-in Neptunes, hydrodynamic calculations of EUV irradiated hydrogen atmospheres have been developed throughout the last decade (Yelle et al. 2008; Murray-Clay et al. 2009; Owen & Alvarez 2016) . According to these models, the hydrodynamic wind generated by EUV radiation can be separated in two different regimes. At lower fluxes, lower densities result in relatively long recombination times, adiabatic expansion dominates the gas cooling, and the wind mass loss rate is proportional to the incident EUV flux. This regime is called energy limited. At high fluxes, the recombination time scale decreases and the wind mass-loss scales approximately with the square root of the incident EUV flux (see Owen 2019, for details) . This regime is called recombination limited. Many variants of equations describing energy limited hydrodynamic escape appear in the literature, and we use the expressioṅ
where M P and R P are the mass and radius of the planet, F EUV is the incident EUV flux, G is the gravitational constant, and β is an efficiency parameter which is typically adopted to be 0.2 (Murray-Clay et al. 2009 ). The transition from the recombination limited regime into the energy limited regime occurs over a range of limiting fluxes and depends on the mass and radius of the planet (Owen & Alvarez 2016) . For simplicity, we assume a flux of F EUV = 10 4 erg s −1 for this transition, as suggested for the case of a hot Jupiter by Murray-Clay et al. (2009) . To ensure the robustness of our results, we repeated our analysis with several different prescriptions, e.g. a flux limit of F EUV = 10 3 erg s −1 for cold Jupiters, a much higher limit of F EUV = 10 5 erg s −1 for Neptune mass planets (Owen & Alvarez 2016) , and a linear interpolation in between. Our results are not affected by the choice of the flux at which the transition occurs. Figure 2 compares the incident EUV flux from the current Sun, the young and active Sun, and the solar white dwarf for temperatures in the range of 80 000-30 000 K, as a function of the semi-major axis. The very large EUV irradiation from the white dwarf will drive mass loss rates ofṀ ∼ 10 8 − 10 11 g s −1 from all giant planets in the solar system, despite their large orbital separations. These mass loss rates are comparable to those measured for hot Jupiters and warm Neptunes (e.g. Vidal-Madjar et al. 2003; Ehrenreich et al. 2015) . While surprising at first, this result is a simple consequence of the large EUV luminosity of the white dwarf, 10 5 − 10 6 that of the present-day Sun, which compensates for the 10 2 − 10 3 times larger separation of the surviving planets compared to the short-period evaporating planets found around main-sequence stars.
Observational signatures of giant planet evaporation
Given their large surface gravity, white dwarfs rapidly undergo chemical stratification via gravitational settling (Schatzman 1948) , and their atmospheres are expected to be composed of the lightest elements, hydrogen or helium. Nevertheless, photospheric trace metals are commonly observed in the ultraviolet and optical spectra of cool (T eff 20 000 K) white dwarfs (Zuckerman et al. 2003; Koester et al. 2014; Jura & Young 2014) , and it is now well-established that these white dwarfs accrete the debris of tidally disrupted planetesimals (Jura 2003; Veras 2016; Farihi 2016) .
The solar white dwarf will capture a fraction of the material escaping the atmospheres of the giant planets that survived the Sun's post-main sequence evolution. Taking into account that the flow is supersonic, the Hoyle-Littleton approach is applicable (Shapiro & Lightman 1976; Wang 1981) . The white dwarf will accrete material within a cylinder of radius r a = ψ2GM/v rel with ψ being a factor of order unity representing deviations from the Hoyle-Littleton prescription, and v rel being the relative velocity between the white dwarf and the wind. The resulting accretion rate can then be written as (Shapiro & Lightman 1976; Wang 1981) :
where a is the separation of the planet, and the relative velocity can be approximated as v rel (a) = (v 2 evap +v 2 x ) 1/2 with v evap being the wind velocity and v x = 2 π a/P orb . The density of the outflow can be estimated assuming spherically symmetric mass loss of the planet, ρ = M evap /(4πa 2 ). For a given mass loss rate from the planet, the resulting mass accretion rate onto the white dwarf depends critically on v rel , thus on the wind velocity v evap , which we assumed to be constant. This quantity is largely unknown. Detailed models of hydrodynamic escape show that the escape velocity is typically reached at separations of a few times the radius of the planet (Tian et al. 2005; Tripathi et al. 2015) . We here assume the wind velocity to be equal to the escape velocity at four times the planets radius and note that our main conclusions are not very sensitive to this assumption, i.e. varying the velocity by a factor of two does not lead to significant changes.
While the ionisation of hydrogen drives the hydrodynamic escape, only the heavier elements dragged with the flow will be accreted by the white dwarf: Lyα radiation pressure from hot white dwarfs substantially exceeds the gravitational attraction, and effectively prevents the inflow of hydrogen onto the white dwarf (Brown et al. 2017 ). As little is known regarding the ex- Top panel: comparison of the incident EUV flux per unit area onto giant planets as a function of the orbital separation. The irradiating flux from hot white dwarfs (80 000 − 30 000 K) can exceed those of the young Sun by many orders of magnitude. This intense EUV radiation can cause atmospheric escape in giant planets located at separations as large as 100 au. Bottom panel: estimated mass loss of the giant planets in our solar system once the Sun has transformed into a white dwarf for temperatures of 80 000−30 000 K. The mass loss rates of the giant planets orbiting the young solar white dwarf are comparable to those observed from exo-planets on close-in orbits around mainsequence stars.
act composition of the evaporated material, we adopted solar metallicity i.e. a metal mass fraction of two per cent, for the calculation of the accretion rate of metals onto the white dwarf.
We find initial metal accretion rates onto the white dwarf of 10 8 g s −1 and a gradual decrease for 4 Myr to 10 5 g s −1 as the white dwarf cools to 45 000 K (Fig. 3) . For cooler white dwarfs, the peak of their spectral energy distribution shifts from the EUV into the ultraviolet, and hence both its efficiency at evaporating the giant planet atmospheres, and the resulting accretion rate onto the white dwarf drops more steeply.
Given that white dwarf atmospheres are intrinsically devoid of metals, optical and ultraviolet spectroscopy is sensitive to the detection of traces of accreted planetary material, corresponding to accretion rates of as little as 10 5 g s −1 . We conclude that the solar white dwarf will accrete significant amounts of volatiles from the evaporating giant planets and the accreted planetary material will be spectroscopically detectable by future generations of alien astronomers for several Myr. Figure 3 . Top panel: The equilibrium temperatures, mass loss rates, and accretion rates onto the solar white dwarf for the four giant planets as a function of its effective temperature. The corresponding cooling ages are given on the top axis. Given their large separations from their host white dwarf, the equilibrium temperatures of the planets are relatively low and monotonously decrease as the white dwarf cools. Middle panel: The mass loss rates driven by the EUV irradiation will remain high, 10 11 − 10 9 g s −1 , for white dwarf temperatures exceeding 45 000 K and drop by 2 − 4 orders of magnitude for cooler white dwarfs. Bottom Panel: The accretion rate of metals will detectable forṀacc 10 5 g s −1 (i.e. for T eff 45 000 K, dashed line) for 4 Myr after the formation of the white dwarf.
PHOTOSPHERIC VOLATILES AT HOT WHITE DWARFS
The detection of photospheric metals in hot ( 20 000 K) white dwarfs is challenging from the ground, as few elements have sufficiently strong optical transitions. However, ultraviolet spectroscopy obtained with the International Ultraviolet Explorer revealed strong photospheric metal lines in several hot white dwarfs (Bruhweiler & Kondo 1981) . Subsequent studies with the Hubble Space Telescope and the Far Ultraviolet Spectroscopic Explorer (FUSE ) showed photospheric trace metals in many white dwarfs hotter than 50 000 K (e.g. Barstow et al. 2003) .
In contrast to cool white dwarfs, where the photospheric abundances reflect the rocky nature of the accreted material (Xu et al. 2014) , these hot white dwarfs show large abundances of volatiles, in particular C, S and P. Whereas the interpretation of these observations Figure 4 .
Comparison between the observed fraction of photospheric trace metals detected in hot white dwarfs (blue, Barstow et al. 2014) with the predictions of our model population of evaporating giant planets (orange, assuming a planet occurrence rate of 65 per cent). In general the agreement is very good for planet occurrence rates exceeding 50 per cent.
is more complex than for cooler white dwarfs because of radiative forces counteracting gravitational settling, the consensus is that the abundances determined from the observations do not match the predictions of equilibrium radiative levitation theory (Chayer et al. 1995) . In the most comprehensive far-ultraviolet study of hot white dwarfs, Barstow et al. (2014) detected photospheric C, P, or S in 33 out of 89 white dwarfs. Barstow et al. (2014) re-iterated that the observed pattern of abundances is incompatible with the predictions of radiative levitation, and concluded that accretion of planetary debris is the most likely explanation. The presence of reservoirs of this material is corroborated by the detection of circumstellar absorption lines (Dickinson et al. 2013) , which are only present in the spectra of hot white dwarfs that also show photospheric trace metals. We argue that the volatiles detected among about a third of the hot (T eff 20 000 K) white dwarfs with adequate ultraviolet spectroscopy, and their observed increasing abundances with T eff , are the signature of evaporating giant planets (gas or ice giants planets from super-Earths to Jupiters). This hypothesis implies that a significant fraction of white dwarf progenitor stars hosted giant planets at separations large enough to survive their post-main sequence evolution.
PLANET OCCURRENCES AT LARGE SEPARATIONS AROUND A&F STARS
Most of the currently known white dwarfs had progenitors with masses of 1.5 − 2.5 M and spectral types F to A. Direct imaging revealed the existence of Jupiter mass giant planets at larger separations (5 − 100 au) around young A-type stars (e.g. Marois et al. 2008; Chauvin et al. 2017) . Recent radial velocity studies indicate an increase in both the occurence rate and orbital separations of Jupiter-mass planets with increasing stellar mass (Borgniet et al. 2019) . Surveys targeting sub-giant stars with M ≥ 1.6 M , the so-called "retired A stars", confirm this trend: the giant planet occurrence increases with stellar mass up to 2M (Ghezzi et al. 2018) . Just as in the solar system, these giants planets will survive the evolution of their host stars into white dwarfs. Currently the only method capable of detecting Neptune mass planets that will survive the evolution of their host stars into white dwarfs is microlensing. Whereas microlensing surveys confirm the relatively low occurrence rates for Jupiter mass planets they consistently find large occurrence rates for Neptune and super-Earth mass planets. The fraction of bound planets at distances of 0.5 − 10 au from their host stars was found to be 17 +6 −9 per cent in the mass range 0.3-10 M Jup but significantly larger, 52 +22 −29 and 62 +35 −37 per cent, for Neptunes and super-Earths, respectively (Cassan et al. 2012) . While this study relied on a small sample of events (Suzuki et al. 2016) , the main conclusions have been independently confirmed (e.g. Shvartzvald et al. 2016) .
A PLANET POPULATION MODEL
Based on the observational evidence for a rising occurrence rate of Jupiter mass planets with increasing stellar mass, we extrapolated from the microlensing surveys that mostly target K and M-dwarfs to the fraction of A and F-type stars with Neptune-mass planets beyond the snow-line to test our hypothesis that many hot white dwarfs are evaporating giant planets, and accrete some of their atmospheric material.
For this test we use only the single stars of Barstow et al. (2014) , as binarity affects the statistics for two reasons. On one hand, stellar winds from relatively close main sequence companions can cause metal pollution (Pyrzas et al. 2012) which is then impossible to distinguish from accretion of evaporated planetary atmospheres. On the other hand, the formation of giant planets can be impeded by the presence of close and/or massive stellar companions. Holberg et al. (2013) list stellar companions for 20 of the 89 systems of Barstow et al. (2014) , however, this compilation ignored M-type companions. Scrutiny of the literature reveals one additional wide binary (WD 0501+524) and three shortperiod white dwarf plus M-dwarf binaries. We also identified five new common proper motion companions using a two arc-min search within the Gaia Data Re-lease 2 (Gaia Collaboration et al. 2018 ). Finally, we removed WD 0802+413 and WD 0621−376 from the sample. While there is no clear evidence that they are part of binaries, their masses are too low to have evolved as single stars within the age of the Galaxy.
Using the final sample of 58 white dwarfs, we then performed Monte-Carlo simulations to test the suggested scenario. We constructed a planet population model for the white dwarf progenitor stars with initial semi-major axes of 3 − 30 au. For the probability distributions of planet mass ratio and separation we used the equations and best fit values from recent microlensing planet surveys (Suzuki et al. 2016, their Table 4 ).
The planet positions after the evolution of the host star into a white dwarf were determined assuming adiabatic mass loss. We computed the EUV luminosity of each white dwarf as outlined in Sect. 2.1. We then calculated for each white dwarf the mass accretion rate of evaporated material and evaluated whether it exceeds the detection limit of 10 5 g s −1 . We furthermore randomly selected 25 per cent of the white dwarfs as being in addition metal polluted by rocky planetary debris as indicated by the observations of cool white dwarfs . The only parameter we adjusted was the occurrence rate of planets with hydrogen-rich atmospheres. We find that the fraction of white dwarfs accreting detectable amounts of volatiles from planetary atmospheres evolves with cooling age, and hence effective temperature, consistent with the observations if at least 50 per cent of the hot white dwarfs in the sample host at least one giant planet. Figure 4 shows the observed fraction of polluted hot white dwarfs and the predicted fraction of white dwarfs accreting from evaporating giant planets with hydrogen-rich atmospheres as a function of white dwarf temperature for a planet occurrence rate of 65 per cent. The remarkable agreement shows that evaporation of giant planets, unavoidable in the future solar system, offers a consistent explanation for the volatiles frequently detected in hot white dwarfs.
Determining the detailed abundances of the accreted material will require additional work in the treatment of radiative levitation and systematic deep surveys of a well defined sample of hot white dwarfs, but offers the potential to infer the composition of extra-solar giant planets.
